Electrochemical characterization of hen egg white lysozyme (HEWL) at a glycerolmodified interface between two immiscible electrolyte solutions (ITIES) was conducted using a microporous silicon membrane-supported gelled-1,6-dichlorohexane|water-glycerol interface. The electrochemical response of HEWL under these conditions is of interest for the system's potential application to the formation of isorefractive emulsified-ITIES, which offer practical opportunities for spectrophotometric analysis of interfacial processes. Importantly, the voltammetric signature for HEWL seen under glycerol-rich conditions was similar but with some differences from that for glycerol-free conditions. Specifically, the potential at which facilitated transfer of the organic phase electrolyte anion tetrakis-(4-chlorophenyl) borate (TPBCl The results indicate that the electrochemistry which determines the HEWL signature is similar in environments that are rich in glycerol or purely aqueous.
Introduction
Voltammetry at the interface between two immiscible electrolyte solutions (ITIES) provides a platform for the non-redox detection of analytes in a range of solution environments [1] . This system has had particular success applied to quantitative analysis of biomacromolecules [2] , where the detection mechanism is suggested to involve facilitated ion transfer of the organic phase electrolyte anion by a cationic protein, and adsorption of this protein-anion complex on the interface [3] . There has been a significant amount of work directed towards understanding the behaviour of proteins at the ITIES, with a view to improving detection selectivity for medically and biologically important species. In a more general sense, a better understanding of the way proteins and other large biomolecules interact with polarised liquid-liquid interfaces is also important for drug delivery applications [4] as well as study into biological systems [5] . Voltammetric studies have traditionally been the preferred tool for investigating these systems [2] , however in recent years novel mass spectrometry techniques have broken new ground in elucidating the structure of these analytes at the polarised interface [6, 7] . To date, studies employing such techniques have delivered insight into the interfacially-mediated formation of protein-anion complexes [7] and protein tertiary structure, with respect to interfacial proximity and applied potential [6] . There are many well established techniques for characterising protein structure; spectrophotometric techniques such as Fourier transform infra-red (FTIR) [8] and circular dichroism (CD) spectroscopies [9] are of particular interest. It is, however, difficult to characterise proteins within an ITIES system as the geometry of the system, often at the microor nanoscale, prohibits the use of regular laboratory spectrophotometric systems. In addition, the characterisation method must not significantly affect the physical environment within which the protein analyte resides, and upon which the interfacial environment is dependent. The studies reported in this paper concern voltammetry under glycerol-rich conditions which represent those required to implement an in situ spectrophotometric analysis of the polarised ITIES.
The recently-established refractive index matched emulsion (RIME) [10, 11] system consists of an organic phase dispersed in a glycerol-water aqueous phase, the proportions of which render the emulsion isorefractive. It follows that an emulsion stabilised by addition of a surface active protein (Pickering emulsion), such as hen egg white lysozyme (HEWL), may then be subjected to bulk phase spectrophotometric measurements, such as CD or FTIR, in order to characterise the protein structure as a function of various parameters, e.g. interfacial potential, solvent composition, pH, etc.
To implement the refractive index matched ITIES, it is necessary to modify the character of one or both phases. A surprisingly limited body of work has dealt with modification of the aqueous phase of the ITIES. Previously, frozen [12] and gelled aqueous phases [13] [14] [15] have been employed and in these cases, the aim has been to modify the mechanical properties of the aqueous phase. Indeed, gelling of the aqueous phase by addition of a polymer, such as agar, agarose, κ-carrageenan or chitosan, is commonly employed to modulate aqueous phase diffusion processes [15] , but no work has reported using glycerol as an additive, despite the clear potential for probing the chemically-dependent nature of interfacial interactions and analyte conformation. Of course, the chemical composition of the phases defines not only the solvation energy, and consequently the potential at which processes occur (Gibbs energy of transfer), but also the analyte's structure. The latter may be especially important in the case of large bio-macromolecules, which often exhibit a structural dependence on their solvation environment that is more significant, in terms of molecular activity and function, than typically observed for much smaller molecules. HEWL exhibits some dependence on glycerol-water solvent system composition [16] , which is important to note as it also exhibits complex and structurally dependent interactions with the ITIES [3, 6, 7, 17] . By contrast, any solvation dependence exhibited by small analyte ions, such as tetraethyl ammonium cations (TEA + ), ought to result in comparatively insignificant changes to the electrochemical response, as the ion transfer (IT) mechanism that small tetraalkylammonium ions undergo is expected to be insensitive to solvent-induced conformational change. It is therefore interesting to compare the voltammetric responses of HEWL and TEA + in discussing glycerol-modification of the ITIES.
HEWL is a model bio-macromolecular polyionic analyte, chosen for its surface activity, tolerance to relatively low pH, and high denaturation temperature (ca.
74.8°C [18] ). Previous studies employing HEWL as an analyte at the ITIES proposed three mechanistic features: facilitated ion-transfer (FIT) of the organic phase electrolyte anion by HEWL; adsorption of this anion-HEWL complex; and, on scanning back to lower potentials, desorption of the anion-protein complex [3, 17] . These proposed phenomena correspond to characteristic features in the cyclic voltammetry. The aim of the work reported here was to determine whether formation of a refractive index-matched ITIES enabled similar electrochemical behaviour of HEWL as obtained at an unmodified ITIES. By modifying a typical nonemulsified ITIES system incrementally with glycerol, it is possible map the observed electrochemical response to changes in the composition. The results presented form a foundation for future development of refractive index matched emulsified-ITIES systems, which use glycerol to render the interface isorefractive.
Experimental
Voltammetry was conducted at a microporous silicon supported micro-ITIES array [19] in which the membrane consisted of eight hexagonally arranged pores of radius 26.6 m. Electrochemical measurements were conducted using an AUTOLAB PGSTAT302N potentiostat (Metrohm, The Netherlands). The cell was operated in two-electrode mode where the reference electrodes in each phase were Ag/AgCl, connected via an organic reference solution in the case of the organic phase, and also served as the counter electrodes. The ITIES was modified by addition of up to 80 wt% glycerol, which is representative of the solvent conditions required to render the constituent phases isorefractive [11] .
Results and Discussion
The transfer potential at the ITIES represents the Gibbs free energy of transfer for a particular species and is dependent on the difference in solvation energy of that species in either phase [21] . Furthermore, the potential at which any response is observed is directly related the Gibbs free energy required to drive that process.
With this understanding, it becomes instructive to examine how the position of a particular response on the potential scale changes with respect to modification of the ITIES system composition. Keeping in mind that the purpose of pursuing the refractive index-match ITIES system is to investigate the nature of protein at the electrified ITIES, it is important to understand how the interfacial interaction with HEWL responds to an increasingly glycerol rich environment. 
HEWL at the glycerol modified interface
The aqueous phase is prepared containing HEWL (20 µM), which is considered fully protonated in the presence of HCl (10 mM) [3] . The shape and position of the reverse peak remain constant with respect to glycerol concentration, while the peak area decreases gradually with increasing glycerol content. This behaviour suggests that the reverse peak observed for high percentage glycerol systems is still representative of the same desorption process observed for the glycerol-free systems presented here, and reported previously [3, 17, 22] . The decreasing peak area is discussed in more detail below.
Several changes to the shape of the voltammetry result from modifying the aqueous phase with glycerol. Below 40 wt% glycerol, the typical pre-peak is apparent, however it does not appear to persist for the glycerol rich systems above 40 wt% (Figure 1, insets) . This is not particularly instructive by itself as there could be a number of explanations, convolution for example. However, the desorption peak on the reverse scan persists for all six glycerol concentrations examined. If the proposed mechanism remains operative, this indicates that adsorption is still occurring despite the absence of the associated pre-peak, in line with results of Day et al. [11] which demonstrated the ability of lysozyme to adsorb at an oil|water-glycerol interface where the glycerol concentration was ca. 80 wt%. Accordingly, the adsorption of lysozyme is occurring in a way that is comparable to that observed in conventional ITIES systems, but the pre-peak is absent.
Notably, the desorption peak has a significantly larger area than the pre-peak, inline with previous studies which explain this phenomena by means of a secondary adsorption step [3, 17] , and appears to decrease in area with increasing glycerol content ( Table 1) . Typically, the desorption peak-area is proportional to the charge desorbed and reflects the amount of material stripped from the interface during the voltammetric scan. An adsorption dependence on glycerol concentration is important because the density of adsorbed protein could have implications for the quaternary structure of the adsorbed protein layer. Table 1 shows data for the desorption peak charge with respect to glycerol wt% in the aqueous phase. The dependence of peak charge on glycerol concentration may reflect decreased rates of diffusion during the adsorption process, as the aqueous phase viscosity is increased by addition of glycerol. The rate determining process in this case may be the diffusion of HEWL towards the interface. This is due, in spite of the mass transport advantage delivered by radial diffusion [19] , to the higher concentration of TPBCl -present at the interface [3, 17] . The decrease in peak area may also reflect the role of solvation effects in determining adsorption/desorption characteristics.
As the onset of the FIT current occurs at progressively lower potentials with respect to the upper-limit of the scan range, the length of time over which the FIT process can occur increases with increasing glycerol concentration for the scans shown in Figure 1 . In addition, there is a significant background electrolyte current within this range (See blank scans, Figure 1 ) which may affect the FIT process and the adsorption of protein at the interface. Despite this, an approximately linear (R 2 =0.971) decrease in peak area is observed which offers some support to the idea that solvation effects, deactivation of the lysozyme adsorption mechanism due to increasing concentrations of glycerol or, conversely, the deactivation of adsorption sites at the interface, might be the determining factors in this response. It is well established that solvation of bio-macromolecules in non-aqueous or part-aqueous solvent systems can result in significant structural change. Glycerol is a well-established cryosolvent for proteins and has been the subject of numerous studies into polyol stabilisation of protein structure [26] . Recently, Esposito et al.
reported minor tertiary structural deformation of HEWL in glycerol rich systems and stabilisation against heat-induced denaturation [16] . It is important to note that even slight changes in protein tertiary structure can result in the deactivation of binding The Gibbs free energies required to drive processes at the interface were compared by examining the shift in potential at which the corresponding voltammetric features were observed. The pre-peak does not appear to shift significantly over the 0-40 wt% range (Figure 2) , however as the feature was not apparent for higher glycerol concentrations, it is not clear whether the pre-peak potential is constant over the entire 0-80 wt% range. The reverse 'desorption' peak appears to remain constant over the full range of glycerol concentrations examined.
This indicates that the adsorption/desorption process is not strongly dependent on the nature of its initial solvent environment and that any change in the structure of the interface due to the presence of glycerol does not significantly affect the ability of the protein-anion complex to adsorb or desorb. This is not to say that the structure of a protein-anion complex adsorbate remains constant.
In contrast, the main peak in the HEWL voltammetry shows a significant shift towards lower values with increasing glycerol concentration up to 80 wt% ( Figure 2 ).
This could reflect a change in the binding affinity of HEWL for the organic phase anion, therefore increasing the energetic advantage of the FIT mechanism as glycerol concentration was increased. Shao et al. [28] discussed changes in the Gibbs free energy of transfer for acetylcholine cations at a sucrose-modified ITIES in terms of the relative energies of ion hydration in the modified and unmodified phases. In the same way, the shift in the FIT peak (main-peak) observed in this work may be attributable to a decrease in the hydration energy of the TPBCl -anion in the modified aqueous phase relative to the unmodified aqueous phase. All shifts are plotted with respect to the 0 wt% glycerol response.
The results presented here show that the electrochemical response of HEWL observed under glycerol rich conditions is different to that observed in conventional pure aqueous systems; specifically, a glycerol dependent shift in FIT potential is observed, both the facilitated ion transfer current and the reverse peak charge are diminished, and the pre-peak feature is not observed for the glycerol rich cases (60 wt% and 80 wt%). 
TEA + transfer
In an effort to understand these differences, the well-established electrochemistry of tetraalkylammonium-ion transfer was examined under the same conditions at the glycerol-modified micro-ITIES array. TEA + is added to the glycerol modified aqueous phase of the ITIES cell and its electrically driven transfer across the interface is used to probe the nature of the system.
The potential window is the region within which applied potential across the interface is of inadequate magnitude to drive significant background electrolyte transfer current. It follows that the potential window should be dependent on the chemical nature of either phase as far as it effects the solubility of background electrolyte ions [21] . In the absence of a standardized method for potential window measurement, we defined the potential window boundary to be 0.8 nA above or below the existing background current. We observed a significant decrease in potential window ( Figure 2 ) due in large part to a negative shift at the higher potential boundary of the potential window. This boundary is associated with the transfer of H + ions from the aqueous phase to the organic phase and of TPBCl -ions in the opposite direction. The result is rationalised in terms of the increased lipophilicity of the aqueous phase, although it is unclear from the data whether a shift occurred for the chloride/BTPPA + transfer, which is represented by the lower potential window boundary. The chloride ion is expected to exhibit a lower magnitude shift than that of the H + ion from primary considerations of the Born model, which dictates that the solvation energy of an ion is inversely proportional to its effective radius [29] . The key limitations of the Born model in this application are that it does not consider specific intermolecular electrostatic interactions, which might influence the solvation energy of an ion such as BTPPA + , and it considers the transferring charged species to be spherical, which is not applicable in the case of the BTPPA + ion. It is therefore not instructive to consider the solvation energy of BTPPA + in this way.
The transfer of background electrolyte results in a significant current response in the potential region above 0.75 V on the forward scan (see blanks scans, Figure   1 ). Interestingly, no obvious reverse process is observed for the electrolyte transfer in systems with low glycerol concentrations, whereas systems with glycerol content greater than 20 wt% exhibit a reverse current feature in the same region. The peak which occurs beyond the defined upper potential window boundary also shifts to lower potentials and is attributed to the simple transfer of TPBCl -ions across the interface on the basis that the observed current response shows a peak shaped profile, indicating linear diffusion; contrarily, radial diffusion is expected for H + transfer from the aqueous phase [19] . It follows that the current feature observed on the reverse scan of the voltammetry in the absence of lysozyme is the back transfer of TPBCl -from the aqueous phase, which is consistent with its increasing distinction as the glycerol content of the aqueous phase is increased; i.e. as the The magnitude of the shift in TEA + transfer potential also follows a similar trend to that shown for the HEWL FIT potential with respect to glycerol composition ( Figure   2 , TEA + HW and FIT respectively). This result provides evidence that the shift in HEWL FIT potential occurs predominantly due to a change in phase affinity, however contributions from solvation effects, discussed above, cannot be discounted.
The experimental half-wave potential for TEA + transfer with respect to the silver-silver chloride reference electrodes is presented in Table 1 (derived from Figure 3 ) and is proportional to the Gibbs free energy of transfer for TEA + ions. The negative shift in transfer potential observed represents a decrease in the chemical potential energy across the interface, which results from the addition of the less polar glycerol adsolvent to the aqueous phase.
The increased viscosity of the aqueous phase was shown to affect the diffusion of the analyte (Figure 3 ) towards the interface in agreement with the Stokes-Einstein relation (1) [30] and as expressed by dependence of the steady-state current on the diffusion coefficient in (2) [19] .
In these equations, Di is the diffusion coefficient of the analyte in the given solvent system, kB is Boltzmann's constant, T is the temperature of the solution, η is viscosity of the solvent system, α is the effective radius of the analyte, I is the limiting current, zi is the charge number of the analyte, F is the Faraday constant,
Ci is the concentration of the analyte in the bulk solution, N is the number of independent interfaces and r is the radius of the pores. Hence, a linear dependence of the diffusion controlled current on the inverse viscosity is expected and obtained demonstrates the relationship between current and inverse viscosity, where the viscosity of the solutions is taken to be the viscosity of corresponding water-glycerol mixtures at 20 °C obtained from [31] . Sweep rate: 5 mV s -1 .
Reference electrode characterisation
It is possible that the modification of the aqueous phase with high weightpercentages of glycerol changes the potential of the aqueous phase Ag|AgCl reference electrode employed, since it was a chloridised-silver wire immersed directly in the aqueous phase. The dependence of the reference electrode potential on electrolyte activity is described by the Nernst equation; a change of ca. 20 mV might result from the diminished relative permittivity of the mixed solvent system and consequent decrease in Cl -activity [32] . here as the acidity (pKa) of the carboxylic acid moiety is dependent on the waterglycerol composition [34] . No consistent potential shift was observed across the three redox systems examined; however any consistency in potential shift may be obscured by the dependence of the respective redox processes on the solvent environment.
As such these results provide only an indication that the potential associated with the aqueous phase|AgCl interface is not significantly dependent on aqueous-phase glycerol composition in the 0-80 wt% range. Accordingly, we attribute the aqueousphase composition-dependent shift in observed transfer, adsorption and desorption potentials ( Figure 2 ) to a decrease in the Gibbs energy of the respective processes under the glycerol enriched conditions employed.
The mass transport characteristics of the three redox systems at the glassy carbon disc electrode were analysed by combination of the Randles-Sevcik eq.(3), = 2.686 * 10 We also examined the voltammetry of three redox-active compounds at a glassy carbon disc electrode, with the data indicating that the Ag/AgCl reference electrode potential was not significantly affected by the presence of glycerol. The results presented demonstrate that the electrochemical signature of HEWL is changed under glycerol-rich conditions, however the electrochemistry which determines this response is similar in both glycerol rich and pure aqueous systems. Accordingly, application of this system to bulk phase spectrophotometric analysis may offer insight into the behaviour of HEWL at the ITIES. Future work should focus on the general nature of protein electrochemistry at glycerol modified interfaces, in particular, the behaviour of less structurally robust proteins, which may exhibit significant instability under the modified conditions presented here.
